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Abstract: Tropospheric delay is a primary error source in earth observations and a variety of radio navigation 
technologies. In this paper, the relationship between zenith tropospheric delays and the elevation and longitude 
of stations is analyzed using the zenith tropospheric delay fmal products of International GNSS Service ( IGS) 
stations from 2011. Two new models are proposed for estimating zenith tropospheric delays from regional CORS 
data without meteorological data. The proposed models are compared with the direct interpolation method and 
the remove-restore method using data from Guangxi CORS. The results show that the new models significandy 
improve the calculated precision. Finally , the root mean square ( RMS) errors of the new models were used to 
estimate the surface precipitahle water vapor ( PWV) value at CORS station, which was determined to be less 
than 2 mm. 
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1 Introduction 
Tropospheric delay is well-known to be a major source 
of error in GPS surveying. Maoy empirical tropospheric 
delay models have been established based on global ra-
diosonde data, including the Saanstamonien model and 
the Hopfield model 111 • Because of large spatial-tempo-
ral heterogeneities in the lower atmosphere , these em-
pirical models can easily result in residual tropospheric 
errors that are several centimeters at the zenith [2 ] and 
are highly variable between different seasons and 
regions[ 3J. However, it is very difficult for empirical 
models to satisfy the accuracy requirements for various 
GPS surveys, such as regional precipitahle water 
retrieved[4J, atmospheric lnSAR corrections[5 •61 and 
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precise point positioning['] . Recently, many regional 
GPS networks have been constructed , such as the GPS 
Earth Observation Network ( GEONET, Japan) , the 
Southern California Integrated GPS Network ( SCIGN, 
USA) and the Satellite Positioning Service of the Ger-
man State Survey (SAPOS, Germany) ISJ. Therefore, 
it is feasible to construct a regional tropospheric model 
using precise tropospheric data from reference stations. 
For example, Dai 1' 1 has estahlished a precise tropo-
spheric model that is suitahle for the Hong Kong area 
based on Hong Kong CORS stations, and Song1101 es-
tablished a new tropospheric delay model over China 
(named the SHAO-C model). Numerous methods have 
been conducted for creating precise regional tropo-
spheric models , such as the direct interpolation method 
(DIM) [Ill, ordinary Kriging model1"·"1 , remove-re-
store method ( RRM) 1" 1 , and projection extension 
method1" 1• The advantage of the DIM and the Kriging 
models is that they can simply calculate the tropospher-
ic delay at a kinematic station from reference station 
data ; however, these models are only suitable for 
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small, flat areas and require the area of reference sta-
tions should be intensive. The RRM is suitable for un-
dulating areas , but the model depends on the accuracy 
of the empirical model and measured meteorological da-
ta. The projection extension method can interpolate the 
tropospheric delay at kinematic stations with a high lev-
el of accuracy, especially in high altitude areas, hut 
the model must he given more accurate meteorological 
data. Therefore, it is necessary to create an improved 
tropospheric delay correction model. 
In this paper, two new zenith tropospheric delay 
models were established using zenith tropospheric data 
from regional CORS reference stations. The models did 
not require meteorological data and only use data relat-
ed to the time and position of the station. The software 
GAMIT was used to estimate the zenith tropospheric 
delay of the reference stations. The accuracies of the 
proposed models were compared with the direct inter-
polation method and remove-restore method using 
measured data from Guangxi CORS. Finally , the new 
models were used to estimate the surface perceptible 
water vapor of CORS station. 
2 Variations in ZTD with station 
position 
2. 1 Variations in ZTD with elevation 
To study the dependence of ZTD on elevation, the 
2011 zenith tropospheric delay final products from 28 
IGS stations were obtained from the IGS center (ftp :II 
cddis. gsfc. nasa. gov) for use in the variation analysis. 
All zenith tropospheric products are divided into four 
parts. Each part corresponds to one season and is used 
to analyze the relationship between the seasonal mean 
ZTD value and the elevation of the station. The statisti-
cal results are shown in figure 1. 
Figure 1 shows the seasonal mean ZTD dependence 
on station elevation and that this dependence has al-
most the same trend for all seasons. Figure 1 also 
shows that the ZTD changes with elevation present neg-
ative index characteristics. The ZTD dependence on el-
evation can he expressed by the following formula : 
( 1) 
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Figure 1 The relationship between the seasonal ZTD 
value and the station elevation 
where h is the elevation of the reference station or kine-
matic station, ZTD ( h) is the ZTD elevation , and A0 , 
A1 are the model parameters. 
2. 2 Variations in ZTD with longitude 
According to previous investigations , the ZTD shows 
linear changes in the horizontal direction[9 ' 16J. To fur-
ther study the dependence of ZTD on the horizontal sta-
tion position, the 2011 ZTD final products at WUHN 
station and SHAO station are used to analyze how the 
ZTD varies with longitude. The WUHN and SHAO sta-
tions are at almost the same latitude and elevation and 
have about a 7 degree longitude difference ; therefore , 
they can be used to demonstrate the variation of ZTD 
with longitude. The monthly mean, seasonal mean and 
annual mean ZTD values were determined from the 
2011 ZTD final products at these stations. The results 
are listed in table 1 and table 2. 
Table 1 shows that the difference in the monthly 
mean ZTD value at the two stations is generally small. 
The largest difference is approximately 1. 8 centimeters 
in July and August, 2011. Table 2 shows that the sea-
sonal mean ZTD value and annual mean ZTD value of 
the two stations are also generally similar. The spatial 
variations in the ZTD clearly primarily depend on the 
latitude and elevation of the GPS station, and do not 
correlation with longitude. Therefore, the effects on 
ZTD at the horizontal direction are mainly caused by 
latitude. In addition, it is possible that the ZTD chan-
ges linearly with latitude. 
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Table 1 2011 monthly mean ZTD values at WUHN and SHAO stations (unit: m) 
Site Jan. Feb. Mar. Apr. May Juo. Jul. Aug. Sep. Oct. Nov. Dec. 
name 
WUHN 2.395 2.408 2.417 2.440 2.617 2.616 2. 621 2.590 2.494 2.470 2.414 
SHAO 2.398 2.405 2.417 2.432 2.482 2.607 2.634 2.639 2.573 2.485 2.481 2.411 
Note:-- indicates the absence of the data. 
Table2 Seasonal mean ZTD values aod aonnal mean ZTD values at WUHN aod SHAO stations ( uoit: m) 
Site Longitude Latitude Elevation ZTD 
name (degree) (degree) (m) Spring Summer Autwnn Winter Average 
WUHN 114.3 30.4 22.0 2.422 2.617 2.568 2.426 2.508 
SHAO 121.2 30.9 25.8 2.418 2.621 2.566 2.430 2.509 
3 Data analysis and establishment of 
new model 
3. 1 Data sources 
In this paper, five days of GPS data are selected from 
Guangxi CORS: for April 22 and May 30, 2010 and 
June 8, June 30 and August 4, 2012. Some necessary 
meteorological data were provided by Guangxi meteoro-
logical stations. Each CORS station contains a daily 
observation file with data recorded at a 15 s sample in-
terval. The XIAN, WUHN and SHAO sites are used 
for the joint solution in this test project. The location of 
Guangxi CORS stations and meteorological stations are 
showo in figure 2. 
3. 2 Data processing method 
The GPS data are processed using the GAMIT version 
10. 35 software. The GAMIT parameter setting are as 
follows : the ZTD is calculated at a 2 hour interval for 
each station; the prior zenith tropospheric model is the 
Saanstamonien model ; the tropospheric mapping &me-
lion is the GMF; and the satellite elevation cut-off an-
gle is set to 15°. Because the GAMIT software esti-
mates the ZTD with an accuracy better than 1 cm[ 171 , 
GAMIT ZTD estimates can be used as reference values 
in this paper. 
3. 3 Establisbment of new models 
Figure 3(a) shows the ZTD time series at JZ01 CORS 
station during the five selected days , and figure 3 ( b) 
shows the ZTD time series on August 4, 2011 for dif-
ferent CORS stations. From figure 3 (a) , it is obvious 
that the ZTD bas an irregular variation for the same 
CORS station in different seasons. However, as shown 
in figure 3 ( b) , the ZTD variations display almost the 
same variations over time for the different stations. 
Therefore, a regional ZTD model that is only related to 
a station's time and position can be established using a 
precise analysis of the reference stations' ZTDs. As an-
alyzed in section 2 , for large areas , the new model 
( named the EHBT model ) can be expressed by the 
following formula: 
ZTD,(h,cJ>,t) =A0 (t) +A1 (T)exp( -A2 (t)h,) + 
A3 (t)cJ> (2) 
where ZTD, ( h , cJ> , t) is the zenith tropospheric delay 
calculated at reference station i at period t,, h,, fj>,, 
indicate the elevation and latitude of station i , respec-
tively, andA,(t), (i =0,1,2,3) are the model pa-
rameters for the t moment and are related to the time. 
Therefore, at least four known reference stations are 
needed to estimate the model parameters , which can be 
estimated using an iteration method that rapidly conver-
ges. The function A ( t) is related only to the time; 
therefore , A ( t) can be expressed as follows : 
(3) 
where a~ , a~ , · · · , a~ are the polynomial coefficients 
for parameters A,(t), (i =0, 1, 2, 3) at period t, re-
spectively. The polynomial coefficients in equation ( 3) 
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Figure 2 The location of CORS stations and meteorological stations in Guangxi 
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Figure 3 Time series of the zenith tropospheric delay 
can be determined by a least squares fit, and the poly-
nomial order can be selected automatically using the 
statistical significance hypothesis test [ 18 l . Therefore , 
we can calculate a station's ZTD at any period after es-
timating the behavior of the function A ( t) . 
For medium and small areas, only ZTD dependen-
cies on elevation were considered , and differences de-
pending on the horizontal component were eliminated. 
The new model ( named the EHT model) can be ex-
pressed by the following formula : 
where ZTD i ( h , t) is the zenith tropospheric delay cal-
culated for reference station i at period t , and the other 
variables are as previously explained. Apparently, the 
parameters of the new model can be estimated with only 
three known reference stations. 
4 Assessment of new models' precision 
4.1 Validation of new models 
To validate the new models, GPS data from 10 stations 
in the Guangxi CORS network are used, covering an 
area from approximately 21° N - 25 ° N in latitude and 
107.5°E -110. 5°E in longitude. Six reference sta-
tions are used to calculate the model parameters 
(JZOl, JZ09, JZ17, JZ19, JZ22, and JZ25) and four 
stations are treated as check stations. The GAMIT soft-
ware program was used to estimate ZTDs using meas-
ured data from the six reference CORS stations taken 
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on August 4, 2011. In RRM, the Saastamonien mod-
el was used as the empirical model. However, there 
is no meteorological sensor installed adjacent to the 
GPS antennas, so the measured meteorological data 
were not available for the GPS stations. In addition, 
many meteorological sensors are not located near GPS 
stations. Because of this, the surface temperature and 
pressure data of the CORS stations must be interpola-
ted from the nearest meteorological stations[ 191 • The 
pressure at a GPS station can be computed using fol-
lowing formula: 
and the temperature at a GPS station can be computed as 
TGPS = (T, -273.16) -0.0065(HGPS -H,) (6) 
where P, is the meteorological station pressure in mbar, 
T, is the meteorological station temperature in Celsius , 
P cPS is the GPS station pressure in mbar, T cPS is the 
GPS station temperature in Celsius , H GPS is the GPS 
station elevation in meters, and H, is the meteorological 
station elevation in meters. 
In this section , the ZTDs of three check stations 
( JZ05 , JZ18 , and JZ26) are calculated using the DIM , 
RRM, EHBT and EHT models. The results are com-
pared with the GAMIT solution ( table 3 and figure 4 ) . 
Site Max 
bias 
JZ05 13.4 
JZ18 18.8 
JZ26 16. 3 
Table 3 
EHBT model 
Min 
bias 
3.5 
0.5 
2. 0 
0 
0 
0 
(5) 
Statistics of residuals for zenith tropospheric delay in different models(Unit:m) 
EHT model DIM 
Max RMS bias 
8.4 23.9 
9.4 34.2 
8.8 36.2 
2 4 6 
2 4 6 
- EHBTModel 
2 4 6 
Min 
bias 
11.5 
1.3 
8.7 
8 
Max Min Max RMS bias bias RMS bias 
16.9 28.9 11.9 21.7 31.8 
18.2 33.3 1.7 16.9 44.9 
23.8 17.6 2. 3 12. 2 85 .4 
1 0 12 14 16 18 20 22 24 
Epoch (h) 
Tlw n:siduals of ZTD at site JZ05 
8 10 12 14 16 18 20 22 24 
Epoch (h) 
The n:siduals of ZTD at site JZ18 
- EIITModel - DIM - RRM 
8 10 12 14 16 18 20 22 24 
Epoch (h) 
The residuals of ZTD at site JZ26 
RRM 
Min 
bias 
16.6 
2.5 
20.7 
Figure 4 Comparison of zenith tropospheric delay accuracy in different models 
RMS 
25.1 
31.2 
47.2 
58 Geodesy and Geodynamics Vol.4 
Table 3 and figure 4 show that the RRM provides the 
worst result, with an average RMS of 34. 5 mm for the 
three check stations. The precision of the DIM is simi-
lar to that of the EHf model, with average RMS values 
of 16.9 mm and 19.6 mm, respectively. The precision 
of the EHBT model ( which is less than 10 millimeters) 
is better than that of the three other methods. The pre-
cision of the RRM is wholly dependent on the precision 
of the Saastamonien model and the measured meteoro-
logical data. Additionally, if we only consider the bias 
caused by the Saastamonien model, then the precision 
is close to 4 - 5 em. Therefore , a poor result will be 
obtained when the RRM is used to estimate the ZTD. 
The EHT model only considers the variation in ZfD 
with elevation and ignores latitude variations , which 
results in low precision. The DIM is only suitable for 
flat , small areas and therefore is not expected to pro-
duce high precision results in the large test area. 
To validate and evaluate the precision of the EHBT 
model in poor weather conditions , such as on a rainy 
day, the model is applied at check station JZ12 for one 
day of rainy data ( August 4 , 2011 ) . The reference 
stations are the same six reference stations mentioned 
previously. On this day, only the JZ12 site has rainy 
conditions, with a rainfall of 6. 9 mm; the rest of refer-
ence sites are sunny. The ZTD of site JZ12 is calculat-
ed using the four methods mentioned previously. The 
results are compared with that of the GAMIT solution. 
The results are shown in figure 5. 
Figure 5 shows the ZTD residuals using the 4 differ-
ent methods. The RMS values of the 4 methods are 
11.6 mm, 23. 1 mm, 34. 1 mm and 41.9 mm, respec-
tively. It is apparent that the precision of the EHBT 
model is higher than the three other methods. There-
a 
I 
0.08 
0.06 
= 0.04 
- EHBTModd 
- EHTModd 
- DIM 
- RRM 
fore, the EHBT model can ensure good precision even 
when used for data obtained in rainy conditions. The 
meteorological conditions had changed sharply at the 
JZ12 site because the JZ12 site had the only rainy con-
ditions among all of the reference stations on August 4 , 
2011. In addition, the JZ12 site is near the Beibu gulf 
sea , resulting in a larger elevation difference between 
the JZ12 check station and reference stations. These 
differences must have caused a large loss of precision 
using the 3 other methods based on the analysis of sec-
tion 1. However, because the EHBT model accounts 
for horizontal changes and elevation effects and is not 
affected by the precision of the meteorological data, the 
EHBT model can obtain a precise ZTD calculation in 
rainy weather conditions. 
Because the EHf model is not suitable for large are-
as , we tried to change the selection of known reference 
stations. In this section , an improved selection of 
known reference stations is used according to the princi-
ple of CORS virtual reference stations[211 • This princi-
ple implies that the nearest 3 reference stations between 
the reference station and the kinematic station ( a check 
station in this test) should be selected as the known ref-
erence stations. This is known as the Triangle method. 
However , the selection of known reference stations in all 
reference stations is defmed as the Network method. To 
validate the Triangle method in the EHf model , three 
check stations ( JZ05 , JZ18 and JZ26) are tested using 
the EHf model for one day of data (August 4, 2011 ) . 
The known reference stations are selected using the Tri-
angle method outlined above. The Z'ID of the three 
check stations is calculated using the Triangle method 
and the Network method, respectively. The results are 
compared with that of the GAMIT solution ( Fig. 6) . 
EHBTModd: RMS=Il.6mm 
EHT Model: RMS=23.1 mm 
DIM: RMS- 34.1 mm 
RRM: RM!F41.9mm 
0 2 4 6 8 10 12 14 16 18 20 22 24 
Epoch {h) 
Figure 5 Comparison of residual of ZTD at the site JZ12 in different models 
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Figure 6 Comparison of accuracy of the reference stations selected in the EHT model 
Figure 6 shows that at JZ05 and JZ26 , the accuracy 
of the derived ZTD using the Triangle method is im-
proved by 51% and 72% , respectively, compared to 
the Network method. The RMS at JZ05 and JZ26 was 
8. 6 mm and 6. 9 mm, respectively. A comparative 
precision was found at JZ18 using the two methods. At 
JZ18, because the distance between JZ18 and the nea-
rest three known reference stations was large , there was 
a large loss of precision , and the horizontal component 
of the ZTD was neglected for the two methods. Howev-
er, the distance between sites JZ05 and JZ26 and their 
reference stations was less than that for JZ18. This al-
lowed the horizontal component of the ZTD to be neg-
lected; hence , the use of the Triangle method with the 
EHT method was allowed. This greatly improved the 
results for sites JZ05 and JZ26. Based on the above a-
nalysis, using the Triangle method with the EHT model 
is suitable for medium and small areas. 
Finally, the ZTD distribution was derived using the 
EHBT model in the test area on August 4 , 2011 , as 
shown in figure 7. 
4.1 Estimation of precipitable water vapor using 
the EIIBT model 
In this section , the accuracy of the EHBT model for es-
timating the PWV is validated. First, the hydrostatic 
zenith delay ( ZHD) is calculated by using the Saasta-
monien model [3J. The formula is expressed as follows: 
ZHD = (2. 2779 ±0. 0024 )P.f 
[ 1 - 0. 00266cos ( 2A) -0. 00028H] (7) 
where P. is the total pressure ( hPa) at the earth's sur-
face, A is the latitude, and H is the height above the 
ellipsoid ( in kilometers ) . The zenith wet delay 
( ZWD) is obtained by subtracting the ZHD from the 
ZTD that was estimated using the EHBT model. The 
ZWD is subsequently multiplied by a conversion con-
stant K: 
PWV=KZWD (8) 
The constant K is defined as follows : 
(9) 
where Rv is the specific gas constant for the water va-
por, p is the density of water, k; = 22. 1 K/hPa, k3 = 
3. 739 X 105 K2/ hPa , and Tm is the weighted mean 
temperature of the atmosphere. The value of T m is from 
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a model determined to be suitable for eastern China 
(20°N -50°N latitude and 100°E -130°E longitude) 
and is defined as follows[22 l : 
Tm =44.05° +0.81T. (10) 
21 
107.5 108 108.5 109 109.5 no no.s 
Longitude( degree) 
Dilltnlrution of ZTD(OnAugust 4, 2011 at 2 a.m) 
25 
21 
107.5 108 108.5 109 109.5 no no.5 
Longitude( degree) 
Disttibution ofZTD(OnAugust 4, 2011 at 14 p .m) 
2.,6S 
2..6 
2..SS 
2.S 
2.4S 
where is the surface temperature in. This can subse-
quently be converted into precipitable water vapor. M-
terwards, the PWVs of sites JZOS, JZ12, JZ18 and 
JZ26 are calculated using the EHBT model. The re-
sults are compared with those from the GAMIT software 
(Fig. 8). 
25 
21 
107.5 108 108.5 109 109.5 no no.s 
Longitude( degree) 
Distribution of ZTD(On August 4, 2011 at 8 a.m) 
21 
107.5 108 108.5 109 109.5 no uo.5 
Longitude( degree) 
Dilltnlrution of ZTD(On August 4 , 2011 at 20 p .m) 
Figure 7 Distribution of the zenith tropospheric delay in the EHBT model 
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Figure 8 Time series of the estimated PWV values by the EHBT model 
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Figure 8 shows the good agreement between the EH-
BT model and the GAMIT solution. If the PWV esti-
mated by GAMIT is treated as a reference value , the 
RMS values for the four sites are 1. 4 mm, 1. 8 mm, 
1. 5 mm and 1. 4 mm, respectively. Therefore, the 
RMS of the EHBT model is better than 2 mm when 
used to estimate the site surface of PWV. To a certain 
extent , the temporal and spatial resolution can be im-
proved using the EHBT model because the model is on-
ly related to the time and position of each station. 
5 Conclusions 
Because of the increasing precision requirements of 
GPS applications, it is important to establish a precise 
tropospheric correction model for GPS surveying. In 
this paper, two new models are validated using meas-
ured observation data from Guangxi CORS and meteor-
ological data from the meteorological site. For the EH-
BT model, results show a significant improvement com-
pared to other methods, especially for rainy weather 
conditions , in which the model can maintain a RMS of 
11. 6 mm. The EHT model is not suitable for the large 
areas but still displayed good precision when used for 
medium and small areas with the Triangle method. Fi-
nally , the RMS of the EHBT model that was used to 
estimate the surface PWV values of CORS station is 
less than 2 mm. Because of the limited data obtained 
in this test project, further research is necessary to ap-
ply the new models to other areas. 
Acknowledgments 
We would like to thank Guangxi Bureau of Surveying, 
Mapping and Geoinformation for providing the test 
CORS data. 
References 
[ 1 ] Liu Jiyu. Theory and method of GPS satellite navigation/positio-
ning. Beijing, Science Press, 2003. (in Chinese) 
[ 2 ] Penna N, Dodson A and Chen W. Assessment of EGNOS tropo-
spheric correction model. Journal of Navigation, 2001 , 54 ( 1) : 
37 -55. 
[ 3 ] Achraf K, Driss 0, Olivier B, et al. Study of seasonal-scale at-
mospheric water cycle with ground-based GPS receivers, radio-
sondes and NWP models over Morocco. Atmospheric Research, 
2012, 104-105,273-291. 
[ 4 ] Chen Zhaolin, Zhang Shuhi and Feng HuajlDl. Research on the 
correction of troposphere dry delay in GPS positioning and inver-
sing the water vapor in atmosphere. Scientia Meteomlogica Sini-
ca, 2009, 29(4) ,527-530. (m Chmeoe) 
[ 5 ] Chang Liang and He Xiufeng. lnSAR atmospheric distortions mit-
igation: GPS observations and NCEP FNL data. Journal of Atmos-
pheric....! Solar-Terrestrial Phy.nco, 2011,73 ( 4) ,464 - 471. 
( in Chinese) 
[ 6 ] Remy D, Falvey M, Bonvalot S, et al. Variability of atmospheric 
precipitable water in northe rn Chile : Impacts on interpretation of 
lnSAR data for earthquake modeling. Journal of South American 
Earth Sciences, 2011,31:214-226. 
[ 7 ] Nie Jianliang, Zhang Shuangcheng, Wang Yueli , et al. Precise 
point positioning based on tropospheric refraction CORS. Journal 
ofGeodeoy....! Geodynamic•, 2010, 30(2) ,91-93. (in Chi-
neoe) 
[ 8 ] Wang Q, Xu G, Petrovic S, et al. A regional tropospheric model 
for airborne GPS applications. Advances in Space Research, 
201148 (2) ,362-369. 
[ 9 ] Dai Wujiao, Chen Zhaohua, Kuang Cullin, et al. Modeling re-
gional precise tropospheric delay. Geomatics and Information Sci-
ence of Wuhan Univemty, 2011 , 36 ( 4) , 392 - 395. ( m Chi-
nese) 
[ 10] Song Shull , Zhu W enyao , Chen Qinming , et al. Establishment 
of a new tropospheric delay correction model over China area. 
Science China ( Physics, Mechanics & Astronomy) , 2011, 54 
(12) ,2271-2283. (m Chinese) 
[ 11] Sanssen V, Ge L and Rizos C. Tropospheric delay corrections to 
differential INSAR results from GPS observations. In: 6th Inter-
na-tional Symposium on SatNav, Melbourne, 2003. 
[ 12] Li Z W, Ding X L, Huang C and Zheng D W. Modeling of at-
mospheric effects on lnSAR measurements by incorporating terrain 
elevation information. Journal of Atmospheric and Solar-Terresni-
al Phl"ios, 2006, 68,1189 -1194. 
[13] Xu Caijun, Wang Hua, Ge Linlin, et al. InSAR tropospheric de-
lay mitiga tion by GPS observations: A case study in Tokyo area. 
Journal of Abnospheric and Solar-Terrestrial Physics, 2006, 68: 
629-638. (in Chinese) 
[ 14] Zheng Y and Feng Y. Interpolating residual zenith tropospheric 
delays for improved regional area differential GPS positioning. 
ION GPS -2005 ,Long Beach, California, 2005. 
[ 15] Wang Qianxin , Xu Guochang and Chen Zhengyang. Interpolation 
method of tropospheric delay of high altitude rover based on re-
gional GPS network. Geomatics and Information Science of Wu-
han Univemity, 2010, 35(12) ,1405-1407. (m Chmeoe) 
[ 16] Chen Zhaohua and Dai Wujiao. Effects of horizontal variation of 
tropospheric delay on GPS surveying. Journal of Geodesy and 
Geodynomoc , 2010 , 30 ( 3 ) , 83 - 87. ( m Chineoe) 
[ 17] Yin Haitao,Huang Dingfa and Xiong Yongliang,et al. New model 
for tropospheric delay estimation of GPS signal. Geomatics and 
lnfonnation Science of Wuhan University, 2007 , 32 ( 5 ) : 454 -
457. (in Chinese) 
62 Geodesy and Geodynamics Vol.4 
[ 18] Xu Tianhe and Yang Yuexi. The hypothesis testing of scale pa-
rameter in coordinate transformation model. Geomatics and Infor-
mation Science of Wuhan University, 2001, 26 ( 1) : 70 -72. 
( in Chinese) 
[19] Musa T A, AmirS, OthmanR, etal. GPSmeteorologyinalow-
latitude region: Remote sensing of atmospheric water vapor over 
the Malaysian Peninsula. Journal of Atmospheric and Solar-Ter-
resnial Physics, 2011, 73:2410-2422. 
[20] Xiong Yongliang, Huang Dingfa, Ding Xiaoli, et al. Research of 
model for tropospheric delay based on multi-reference-stations. 
Geotechnical Investigation & Surveying, 2005, (5) :55 -57. (in 
Chinese) 
[ 21 ] Tu Rui, Huang Guanwen, Zhang Qin, et al. The research of du-
al frequency solution method for single frequency precise point 
positioning (PPP) based on SEID model. Geomatics and Informa-
tion Science of Wuhan University, 2011, 36(10) :1187-1188. 
( in Chinese) 
[ 22] Li Jianguo, Mao jietai and Li Chengcai. The approach to remote 
sensing of water vapor based on GPS and linear regression Tm in 
eastern region of China. Acta Meteorological Sinica, 1999, 57 
(3) ,283-291. (m Chinese) 
